L
ife on earth has evolved under the continual daily fluctuations in light and temperature. Many organisms have evolved the ability to anticipate these external changes in their environment by using endogenous ''biological clocks.'' In recent years, the molecular components that make up these intracellular clocks have begun to be identified, and similarities among a wide range of organisms have emerged (1) (2) (3) (4) (5) . The clock in a fungus, fruit fly, or mammal contains a negative feedback loop in which two PAS domain-containing proteins [White Collar (WC)-2͞ WC-1, dCLOCK (dCLK)͞CYCLE (CYC), CLOCK͞BMAL1] heterodimerize and act as positive elements to activate the expression of a negative element [FREQUENCY (FRQ), PERIOD (PER)͞TIMELESS (TIM), CRYPTOCHROME 1 (CRY1)͞CRY2͞mPERs]. The negative element(s) in turn feeds back to repress the activity of the positive elements. These transcription͞translation-based negative feedback loops ultimately generate self-sustaining circadian (circa ϭ about; dies ϭ day) oscillations or rhythms in the level(s) of one or more of the elements within the loop. The robustness and stability of these oscillations is enhanced further by interlocking positive feedback loops (6) (7) (8) and multiple layers of regulation (2, 3, 9) .
In Neurospora, a negative feedback loop comprised of the products of the frq, wc-1, and wc-2 genes is central to clock function. WC-1 and WC-2 are predominately nuclear transcription factors containing trans-activation domains and Zn-finger DNA-binding domains (10, 11) . They form a WC complex (WCC) by heterodimerizing via PAS domains (12) and act as positive elements in the expression of frq (13) ; in a wc-1 KO or wc-2 KO strain, very limited, unregulated transcription of frq occurs (14) (15) (16) . During the course of a day, FRQ is progressively phosphorylated and degraded (17) (18) (19) , but when present FRQ acts as a negative element, repressing the levels of its own transcript (20) . The mechanism by which this repression occurs is unclear, but it seems likely that the repressive role of FRQ is carried out through its physical interaction with the WCC (21) (22) (23) . The interaction of FRQ, WC-1, and WC-2 relies on the constitutively expressed and more abundant WC-2 acting as a scaffold (21) . The wc-1 transcript is also constitutively expressed in the dark, but interestingly WC-1 is rhythmically abundant with FRQ playing a positive role in the posttranscriptional production of WC-1 (6, 16) . This positive feedback loop consequently is interconnected with the negative feedback loop controlling frq expression, setting up an essential regulatory dynamic between WC-1 and FRQ as their approximately equimolar amounts oscillate antiphasic to one another (6, 21) . FRQ also plays a positive role in wc-2 expression, creating another interconnected positive feedback loop (16) . The interplay of FRQ and the WCs results in the robust and rhythmic expression of both frq message and FRQ protein. Their rhythmic expression is central to the functioning of the clock such that constitutive expression of frq message results in the loss of overt rhythmicity, and step changes in frq expression reset the clock (17, 20, 24, 25) .
The current model of this circadian feedback loop hinges on the positive and negative regulatory relationship among WC-1, WC-2, and FRQ at the frq promoter. Although the internal consistency of the WCC-mediated transcriptional activation of frq has led to its general acceptance, a number of critical assumptions and predictions remain untested, and a biochemical role for FRQ in the oscillator has only been inferred. Also poorly understood are the degree to which transcription drives rhythmic frq message, the mode of interaction of the WCC with the frq promoter, and whether FRQ acts on or off of its own promoter, yet these interactions lie at the core of the negative feedback that defines rhythmicity. Although no nonanimal rhythms have been examined in this detail, there are two plausible scenarios whereby FRQ might act based on precedents from animal systems. In the first, FRQ complexes with the WCC on its own promoter, directly repressing the activity of the WCC. This mode of feedback has been suggested for the mammalian circadian system with CLOCK͞BMAL1 binding to DNA of mPer1 to activate transcription and PER͞CRY interacting with CLOCK͞ BMAL1 on DNA to repress their activity (26) . This model implies a constant level of heterodimer bound to promoter DNA. An alternative possibility is suggested by the report in Drosophila that PER and TIM physically interact with the dCLK͞CYC heterodimer and interfere with its binding to per and tim promoter elements, thereby preventing the positive action of dCLK͞CYC on per and tim transcription (27) (28) (29) . This model implies a rhythmic binding of the activator complex to promoter DNA as seen recently with regulation of mCry1 (30) . In this second type of scenario, the interaction of FRQ with the WCC would prevent or disrupt binding of WCC to the Clock Box This paper was submitted directly (Track II) to the PNAS office.
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(C box), indirectly repressing WCC activity. To evaluate these possibilities and understand the biochemical basis of these essential interactions, we examined in detail the cis-acting elements required for circadian transcriptional regulation of frq and the relationship among the trans-acting factors that affect this regulation. We found that oscillating frq message, the result of rhythmic transcription, is under the control of a single cis-acting element, a C box, that is both necessary and sufficient to drive cycling transcription of frq. WC-1 and WC-2 bind to the C box in a time-of-day-specific manner with a profile similar to but phase-leading the oscillations in frq transcript. FRQ negatively affects WCC binding such that increases in FRQ cause a decrease in WCC binding to the C box without affecting the levels of the WCs. In this way rhythmic expression and turnover of FRQ drives the rhythm in its own transcription. General conditions for growth and race-tube experiments have been described (20, 32) . Liquid culture medium consisted of 1ϫ Vogel's salts, 2% glucose, 0.5% arginine, and 50 ng͞ml biotin, and race tube medium consisted of 1ϫ Vogel's salts, 0.1% glucose, 0.17% arginine, 50 ng͞ml biotin, and 1.5% bacto-agar. Determination of conidiation density on race tubes and calculations of period length were done by using CHRONO (33) .
Materials and Methods
Plasmids. Details of the plasmids have been described (34) except for pAF52 and pAF53, which were made by annealing the following oligos together and inserting them into pAF35: pAF52 (ACF40, 5Ј-CAGGT TCCAGAGT T TGGCCGGACA AC-CAGTACGGGTGCCCGA-3Ј; ACF41, 5Ј-CTAGTCGGGC-ACCCGTACTGGTTGTCCGGCCAAACTCTGGAACCTG-GGCC-3Ј) and pAF53 (ACF42, 5Ј-CAGTACGGGTGC-CCGAGGCGTCCTGATGCCGCTGCAAGACA-3Ј; ACF43, 5Ј-CTAGTGTCT TGCAGCGGCATCAGGACGCCTCG-GGCACCCGTACTGGGCC-3Ј).
RNA and Protein Analyses. Western and Northern analyses were performed as described (34) . Statistical differences between time points within strains of hph transcript were tested by one-factor ANOVA and subsequent post hoc Dunnett's t test where significance is set at P Ͻ 0.05.
Nuclear Protein Extract Preparation, Electrophoretic Mobility-Shift
Assay (EMSA), and in Vitro Transcription͞Translation. Nucelar protein extractions and EMSAs were performed as described (34) . For the time-course experiments, the cultures were inoculated at Ϸ5 ϫ 10 5 cells per ml and grown for a total of 48 h, with staggered transfer of cultures from constant light (LL) to constant dark (DD). For the quinic acid (QA) experiments, cultures inoculated at Ϸ1.5 ϫ 10 7 cells per ml were grown in 2% glucose medium for 23 h and then transferred into 0.25% glucose medium for 13 h, with cultures being transferred to DD 12 h before harvesting. QA was added to a final concentration of 15 mM at the indicated times. The oligonucleotides annealed for use as probe were ACF57 (5Ј-CGTCCTGATGCCGCTGCAA-GACCGATGACGCTGCA A A AT TGAGATCTA-3Ј) and ACF58 (5Ј-TAGATCTCA AT T T TGCAGCGTCATCG-GTCTTGCAGCGGCATCAGGACG-3Ј). The in vitro transcription͞translation was the same as described (34) . Quantitation of protein synthesis was the same as described (21) .
Results

A Single cis-Acting Element Is Necessary and Sufficient for Rhythmicity
of frq Message. Previous work has shown that the rhythmic production of frq message is central to the function of the Neurospora circadian clock (20) , but the means through which this rhythmicity is generated has not been established. To identify any cis-acting elements involved in rhythmic frq production, frq promoter deletion constructs were transformed into a frq KO strain (Fig. 1A) . The use of an Ϸ8-kb region containing the entire frq locus in the construction of the deletion constructs allowed us to test for the necessity of specific promoter regions for the generation of rhythmicity as well as for functional rescue of the Neurospora clock (35) . The most prominent output from the Neurospora clock is the rhythmic production of asexual spores or conidia (referred to as banding) that is assayed on race tubes (2) . Race tubes inoculated with wt and various deletion strains were grown for 24 h under constant light and temperature and then transferred to DD. This transfer from light to dark results in the decrease in frq transcript that sets the clock to subjective dusk from which the clock then continues (36) . Control ABC1 transformants, which contained the entire frq locus, banded with a period and phase similar to a frq ϩ strain as reported (34, 35) (Fig. 2A) . The majority of the frq promoter was spanned by four deletion strains, KAJ125, AF19, YL29, and AF17 ( Fig. 1) , one of which (YL29) failed to band and instead conidiated down the length of the race tube. The deleted region spanned by YL29 was resected further in strains AF26 and AF27. Strain AF27 banded with a wt period and phase (data not shown), but AF26 failed to band and appeared similar to YL29 with constant conidiation down the race tube (Fig. 2 A) .
The 78-bp region deleted in AF26 seemed necessary for overt rhythmicity in Neurospora, but the loss of rhythmicity could have been due to blocked light input to the clock. Light entrainment of the Neurospora clock acts by rapidly increasing frq message, and the arrhythmia of strain AF26 simply could have been the result of an asynchronous culture (36) . To rule out this possi- bility, we used a temperature step as the entraining signal (13, 25) . ABC1 and frq ϩ strains were entrained by the temperature step, but AF26 again was arrhythmic (Fig. 2B) . The lack of overt rhythmicity of AF26 was also reflected at the molecular level, with both frq transcript and FRQ displaying low, nonrhythmic levels in the dark (Fig. 2 C and D) , confirming that the 78-bp region was necessary for the generation of rhythmic frq transcript.
To test whether this 78-bp region, located Ϸ1.2 kb upstream from the major start site of transcription, was sufficient for the generation of a rhythmic transcript, the region was cloned into an hph reporter construct (pAF35) resulting in pAF44 (Fig. 1B) . Transformants of frq ϩ strains containing either pAF44 or pAF35 were grown in DD, harvested over a 24-h period, and hph and frq transcript levels were examined by Northern blot (Fig. 3) . Strain AF44 exhibited rhythmic hph levels (F 3,8 ϭ 3.88, P ϭ 0.055) with a 3.7-fold amplitude and peak levels around DD12. Strain AF35, the hph reporter construct alone, did not exhibit rhythmic hph (F 3,8 ϭ 0.15, not siginificant). The region spanning the 78-bp deletion of AF26 then was subdivided into three overlapping 40-bp fragments that were assayed in the hph reporter construct for their ability to drive rhythmic transcription: AF52, AF53, and AF54 (Fig. 1B) . One of these fragments, AF54, drove rhythmic hph levels (F 3,8 ϭ 10.635, P ϭ 0.0036), which peaked at DD12 with a 2.4-fold amplitude (Fig. 3) . Therefore, the 40-bp frq promoter region contained within AF44 and AF54 was sufficient to drive rhythmic transcription.
This 40-bp C box was shown recently to also be a light-response element, playing a role in the light-induced increase of frq message (34) . The C box͞light-response element therefore is essential for normal regulation of frq message both in the dark and in response to light. Not surprisingly, WC-1 and WC-2, proteins essential for both dark and light regulation of frq, were shown to bind to this cis element as a heterodimer in the dark and as a multimeric WCC in the light (34 (20) , but FRQ was not in the complex bound to the C box, nor was FRQ necessary for the formation of the complex (34) . These data suggest that periodic time-of-day-specific formation and͞or binding of this complex to the C box is the signal event driving rhythmic frq transcription.
WCC Binds to the C Box in a Time-of-Day-Specific Manner. To examine temporal regulation of the complex, nuclear protein extracts were prepared from cultures harvested at different circadian times (CTs), and equal amounts of protein (3 g) were used in a series of EMSAs. As shown in Fig. 4A , a WC-1͞WC-2͞C box complex was present throughout the day with no change in mobility͞size. The presence of WC-1 and WC-2 in the complex at different times of day was verified by using WC-1-and WC-2-specific antisera (data not shown). Additionally, no novel complexes were seen. Although the size of the complex did not change, the amount of complex formed varied during the course of a day, with peaks in binding occurring around subjective dawn ϷCT22-24 (DD12 and DD36) (CT is used to normalize the endogenous period of an organism to a ''24-h'' day) and a trough in binding occurring near subjective dusk ϷCT12 (DD24) (Fig.  4 A and C) . This oscillation in binding closely matches the changes in frq transcript levels, which are high shortly after subjective dawn (20, 36) ; this temporal correlation is appropriate given the positive role of WCs in frq transcription.
To determine whether the change in binding of the WCC to the C box was due to changes in protein levels, we assessed WC-1 and WC-2 levels in the nuclear protein extracts (Fig. 4B) . There was no cycling in WC-2, and WC-1 exhibited a low-amplitude rhythm peaking in the subjective night ϷCT16, similar to previous reports on both proteins (6, 16, 21) . There was no apparent correlation between the WC levels and the amount of Representative Northern blots of hph transcript are shown from strains AF35 (bd, frq ϩ , pAF35), AF44 (bd, frq ϩ , pAF44), and AF54 (bd, frq ϩ , pAF54). pAF35 is the reporter construct alone. pAF44 contains a 250-bp region of the frq promoter. pAF54 contains a 40-bp region of the frq promoter. Rhythmicity of endogenous frq message was confirmed for all strains; a single representative Northern blot of frq is shown. (B) Densitometry of hph is shown from strains AF35, AF44, and AF54. Average hph levels for each strain are plotted (n ϭ 3) with the lowest value for each strain set to 1. * , P ϭ 0.05, and ** , P Ͻ 0.01 (one-factor ANOVA and post hoc Dunnett's t test). Error bars are the SEM. Densitometry of frq is shown for strain AF54 (n ϭ 3).
WCC bound to the C box, suggesting that the amount of binding is regulated by a factor(s) other than WC-1 or WC-2, although the rhythm in WC-1 peaking before dawn would serve to accentuate the rhythm in binding. Rhythmicity of the cultures was ensured by monitoring FRQ levels that cycled as reported (17) , with the progressive phosphorylation and turnover of FRQ resulting in peak levels ϷCT4-8 (DD18 and again at DD42) (Fig. 4 B and C) . These data are consistent with rhythmic WCC͞DNA complex formation being the basis for rhythmic frq transcription but are mute in regards to the specific role of FRQ in bringing this about.
FRQ Inhibits Binding of the WCC to the C Box. Although FRQ was not part of the complex bound to the C box (34), FRQ was a strong candidate to be involved in the regulation of WCC binding. It is well established that FRQ negatively regulates its own expression and directly interacts with WC-1 and WC-2 (20-23). Additionally, oscillations in FRQ levels are phased appropriately and suggest an attractive means of generating oscillations in WCC binding. To test the role of FRQ in WCC binding we overexpressed FRQ and looked for changes in WCC binding. We used a strain (QA::FRQ) containing an extra copy of the FRQ ORF under the control of the inducible QA promoter (20) . Identical cultures were placed in DD for 12 h, and QA inducer was added at various times before the cultures were harvested and nuclear proteins extracted. The addition of QA 1, 2, or 4 h before harvesting induced FRQ to levels 4-, 12-, and 20-fold higher than an untreated culture (Fig. 5) . A series of binding reactions performed by using the QA-treated extracts showed that the increases in FRQ resulted in a strong dose-dependent reduction in WCC binding compared with an untreated culture. Over the time course of this experiment, the levels of WC-1 and WC-2 were unaffected by the addition of QA (Fig. 5A) . As an additional control, nuclear protein extracts were made from a wt strain grown with or without QA added 4 h before harvesting. The QA treatment had no effect on FRQ levels or binding in the wt strain (Fig. 5) . These data establish an active role for FRQ in reducing the ability of the WCC to bind to the C box.
To determine whether FRQ's inhibition of WCC binding to the C box was a result of direct interaction between FRQ and the WCC, WC-1, WC-2, and FRQ were produced in vitro by using a coupled transcription͞translation reticulocyte lysate system and used in a series of binding reactions (Fig. 6) . WC-1 and WC-2 together (Fig. 6A, lane 6) were able to bind to the C box as a complex with mobility similar to that seen by using nuclear extracts as reported (34) . This complex was not seen when either protein was used alone (Fig. 6A, lanes 3 and 4) or when unprogrammed lysate was used (Fig. 6A, lane 2) . When FRQ was :FRQ strain, containing a QA-inducible copy of FRQ, were grown in DD for 12 h. At DD12, FRQ levels would normally be low and complex bound to the C box high (see Fig. 4A ). QA was added to three of the cultures 1, 2, or 4 h before harvesting. As a control, two cultures inoculated with a wt strain were grown under similar conditions, and QA was added 4 h before harvesting to one of the cultures. Nuclear protein extracts were made from each culture and used with the C-box probe in a series of binding reactions. Only the portion of the gel containing the WC-1͞WC-2 complex is shown (Top). FRQ, WC-1, and WC-2 levels in the extracts were analyzed by Western blot (three lower panels). (B) Densitometric analysis of C-box-bound complex and FRQ. Binding is indicated by black bars, and FRQ levels are indicated by the gray line and boxes. n ϭ 3 except for QA 1 and 2 where n ϭ 1. Error bars are the SEM. added to a WC-1͞WC-2-containing reaction, the amount of WCC bound to the C box decreased in a dose-dependent manner; the addition of FRQ in a 1:2 molar ratio to the WCC resulted in an Ϸ20% decrease in binding (Fig. 6 A, lane 9, and B), a 1:1 ratio resulted in an Ϸ35% decrease (Fig. 6, lane 8, and  B) , and FRQ added in a 2:1 molar ratio resulted in an Ϸ55% reduction in binding (Fig. 6A, lane 7, and B) . These results establish a direct role for FRQ in reducing the ability of the WCC to bind to the C box in the dark, thereby providing the molecular basis for the negative feedback of FRQ on its own expression.
Discussion
Existing models for eukaryotic circadian oscillators generally incorporate an important role for rhythmic transcription, and the specific biochemical mechanisms underlying this transcriptional regulation, which are of immediate interest, have heretofore been examined only in animal systems. Here we have identified a cis-acting element in the frq promoter, the C box, that is necessary and sufficient to drive rhythmic transcription of this central clock component. The C box is bound in a time-of-dayspecific manner by a complex containing WC-1 and WC-2. The negative action of FRQ on its own transcript is a result of FRQ decreasing WCC binding to the C box, apparently in solution, because FRQ does not seem to be a part of the complex when bound to DNA. These results demonstrate specific interactions among WC-1, WC-2, FRQ, and the frq promoter, furthering our understanding of the mechanism underlying the complex regulation of frq expression.
Deletion analysis in the context of the entire frq locus allowed us to isolate a small region in the frq promoter that when deleted resulted in the loss of rhythmic frq mRNA as well as overt rhythmicity. The ability of this frq promoter region to drive rhythmic transcription of a heterologous reporter confirmed that oscillations in frq message are transcriptionally driven. The 40-bp C box-driven reporter peaked at DD12 (CT0, subjective dawn), slightly phase-leading the peak of the endogenous frq transcript, suggesting that additional promoter elements and͞or posttranscriptional regulation may also be involved in the control of endogenous frq levels. Amplitude differences between the reporter and endogenous frq also support a role for additional regulation of endogenous frq transcript. Similar patterns of regulation are seen for mper1 in mammals (26, 30, (37) (38) (39) and for per and tim in Drosophila where transcripts are rhythmically expressed with E-box promoter elements playing central roles but wt rhythmic regulation requiring additional promoter elements, intronic DNA sequences, and posttranscriptional regulation (5, 26, (40) (41) (42) (43) (44) (45) (46) .
The presence of two GATG-sequence repeats in the C box (Fig. 1C and ref. 34) is consistent with the idea that the WCs bind as a heterodimer with the Zn finger of each WC interacting with one GATG. Heterodimers are also central to both Drosophila and mammalian clocks where the heterodimeric complex, dCLK͞CYC or CLOCK͞BMAL, respectively, activates transcription by binding to E boxes through basic helix-loop-helix domains (instead of Zn fingers as in the WCC) with one basic helix-loop-helix found in each partner (37, (47) (48) (49) (50) ; the specificity and function of clock gene E-box elements are still not understood entirely (51) . Such context dependence is apparent in the frq promoter in that the proximal light-response element, which is also bound by WCC (34) during light regulation, is not essential as a clock box in the dark. In Arabidopsis, an evening promoter element required for rhythmicity, has been identified recently for the clock gene TIMING OF LAB 1 (TOC1) and shown to be bound by the MYB-containing clock components CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) (52, 53) ; specificity and function for this 9-bp evening element (EE) and the nature of the factors bound in vivo are also not well understood.
We interpret the positive role of the WCs on frq transcript levels as a direct result of their association with the C box, and the data presented here also serve to explain the negative action of FRQ on its own transcription. Several lines of evidence support FRQ interacting with the WCC and interfering with C-box binding. First, FRQ was not found to be associated with the WCC when bound to the C box in vitro (34) . Second, the amount of WCC bound to the C box fluctuated in a time-ofday-specific manner without a corresponding change in WC levels, suggesting that WCC binding indeed is regulated. Third, the size of the complex bound to the C box did not change during the course of a day, suggesting that no factors were gained or lost from the complex that could have regulated WCC activity when bound to the C box. Because FRQ acts as a dimer (22) , binding of FRQ to the WCC would increase its apparent size greatly. Fourth and most importantly, overexpression of FRQ in vivo or use of in vitro-synthesized proteins demonstrated a decrease in WCC bound to the C box with increasing levels of FRQ. Taken together, this evidence suggests that FRQ acts globally to repress its own transcription by interacting directly with the WCC and preventing or disrupting binding to the frq promoter. At the molecular scale, however, we have not determined whether FRQ can interact with a DNA-bound WCC causing it to dissociate, or rather whether FRQ interacts only with soluble WCC, thereby shifting the equilibrium of free to DNA-bound. The former scenario would leave open the possibility that FRQ might be found transiently associated with DNA-bound WCC in vivo and that this interaction could also contribute to repression.
These data have closed the autoregulatory feedback loop at the center of the clock, providing a clearer and more detailed description of the molecular events that lie at the core of the Neurospora circadian system (Fig. 7) . Late at night, the majority of FRQ has been degraded, WCC is able to bind to the C box, Fig. 7 . Daily changes in FRQ levels regulate WCC binding to the C box. A schematic model illustrating the dynamic interactions of FRQ, WC-1, and WC-2 at the frq promoter is shown. Starting around midnight, FRQ levels are low, and WC-1 and WC-2 (WCC) are free to bind to the frq promoter and activate transcription. By dawn, FRQ levels are beginning to increase but are still too low to prevent WCC binding; maximal rate of frq transcription is achieved. FRQ reaches levels sufficient to cause a decrease in WCC binding by midday, frq transcription is minimal, and frq message levels decline. By dusk, WCC binding and frq message levels have reached a low, and FRQ levels are beginning to decline as a result of phosphorylation-mediated turnover. FRQ levels reach a low point around midnight, allowing increasing WCC binding and activating frq transcription once again.
and frq levels begin to rise. FRQ levels lag behind the transcript but gradually increase by early morning. WCC levels are still in excess of FRQ, and frq transcript continues its Ϸ10-h rise. By midday FRQ has dimerized and reached sufficient levels to begin titrating the WCC off of the C box, and frq transcript levels are in decline. Ongoing translation continues to drive increasing levels of FRQ, with the crest reached sometime before dusk. More and more WCC is bound by FRQ, the C box is left depleted, and frq levels are reaching their low point. Progressive phosphorylation of FRQ ultimately leads to precipitous turnover; this loss of FRQ releases the WCC, allowing the cycle to begin anew.
